expenditure hypotheses: reallocation versus increased demand in Microtus pennsylvanicus.
during the breeding season result in decreased thermoregulatory and foraging costs, which allow energy to be reallocated to breeding. The increased demand hypothesis, on the other hand, predicts that total energy demand is maximal during the breeding season. It holds that reproduction involves sizeable energy requirements that can only be met during the period of maximal food availability (Fig. 1) . To date, some field tests of these hypotheses have been performed for bird species. Results are conflicting (Weathers and Sullivan 1993) , suggesting that different models apply to different species. No general theory, however, allows us to understand why species should differ in their seasonal pattern of energy allocation. As far as mammals are concerned, seasonal patterns of energy allocation remain virtually unexplored in field conditions (Covell et al. 1996) , except for some hibernating species that escape winter constraints by a reduced metabolism (Kenagy et al. 1989 ). In non-hibernators, which represent the great majority of mammals, there is no species for which we have data on both seasonal variations of energy expenditures of free-living individuals and reproductive costs in spring/summer (Nagy 1987 (Nagy , 1994 . This lack of data prevents testing the predictive value of the 2 competing hypotheses.
Rodents of the genus Microtus are widely distributed mammals of small size that are active year-round, have high reproductive output, and are expected to face particularly high challenges in meeting their energy requirements (Wunder 1985) . They are usually seasonal breeders that stop reproduction during the winter period. Here I present the results of an experiment where field energy expenditures of adult, non reproductive female meadow voles Microtus pennsylvanicus (Ord, 1815) were measured in both the summer (reproductive) and winter seasons. These results, combined with data on reproductive costs already present in the literature, allowed me to evaluate for the first time in a mammal species the predictive value of the competing hypotheses of reallocation and increased demand of energy.
Material and methods

Approach
In mammals, females generally support most of the energetic costs of reproduction (Robbins 1993) . I thus focus on this sex-class in all the study. The first requirement to test the hypotheses of reallocation and increased demand of energy is to quantify total energy expenditures of individuals across seasons. Then, one has to partition summer energy needs between reproductive and non-reproductive costs. Only such a partitioning indeed makes it possible to determine if there is a summer decrease in non-reproductive costs, which represents the potential for reallocating energy to breeding.
Measuring the cost of living in free-ranging animals is now routinely done by means of doubly labelled water (DLW). The energetic needs of reproducing female mammals, however, cannot be quantified solely by this method. Reproductive costs indeed include the mother's own oxidative metabolism devoted to reproduction (which can be measured by DLW), but also the amount of energy transferred to the young in milk as chemically bound energy (which cannot be measured by DLW) (Kenagy 1987) . One alternative method is to compare the consumption of food by non-reproductive versus reproductive individuals. This, however, can only be achieved in the laboratory.
My approach consisted of measuring the cost of living (by means of DLW) of non-reproducing female meadow voles under field conditions, both in winter and summer. I then reviewed the literature for data on reproductive costs of M. pennsylvanicus and other species of microtines having similar body mass and litter size. These data were combined to my DLW results to evaluate total costs of living for females reproducing in the field in summer. Although differences may exist between the cost of reproduction in captivity and in the field, the approach presented here is the only one available given the field data that currently exist. I discuss later what potential biases this may introduce in the test of the two hypotheses.
Measurement of non-reproductive costs across seasons
Daily energy expenditures (DEE) were measured using doubly labelled water (DLW) in 35 adult female meadow voles maintained in outdoor enclosures. Living conditions in enclosures can be considered natural except that females did not have access to males. All individuals were thus non reproductive (neither pregnant nor lactating). Measurements of DEE were obtained for 24 individuals in winter and for 11 individuals in summer. My methods for studying voles in enclosures and determining energy demand of individuals have been detailed elsewhere (Berteaux et al. 1996a, c) and are only summarized here.
Individuals were born and raised in the laboratory (Berteaux et al. 1994) . Animals were acclimatized to natural photoperiod and temperature before being introduced in 25 to 100 m 2 outdoor enclosures. The acclimatization period lasted 11-18 weeks for the winter experiment and > 2 weeks for the summer one. Pens were built in an oldfield community located on the campus grounds of the Université de Sherbrooke, Québec, Canada. The same enclosures were used in winter and summer, but animals were different. Voles were generally alone in enclosures, except in winter when some measurements were obtained on individuals living in groups of 4. Group living did not influence energy expenditures (Berteaux et al. 1996a) , so data from the winter experiment were pooled irrespective of the social status of individuals. All the individuals studied in winter were radiocollared but this again did not influence energy demand (Berteaux et al. 1996b) . After voles had spent 10-15 days in the enclosures for habituation, they were captured with Sherman traps and injected with DLW. After equilibration, a first blood sample was taken and animals were released in the enclosures. They were recaptured approximately 24 and/or 48 hours later to take second and/or third blood samples. This allowed the determination of DEE after analysis of blood samples using standard laboratory techniques (Nagy 1983) . Winter measurements of DEE were performed during six 24-h periods occurring between January 25 and March 16, 1994. Summer measurements were performed during twelve 24-h periods from July 12 to August 22, 1994. The mean number of measurements obtained per individual was 1.5 in winter and 4.1 in summer. When several measures were obtained on the same individual, they were averaged to maintain independence of data. Ground temperatures (measured under the vegetation) ranged from -3.4 to 1.7°C (-1.3 ± 1.4°C) during the 6 winter days of measurement and from 9.2 to 32.0°C (19.7 ± 2.3°C) during the 12 summer days of measurement. Snow cover was permanent (38 ± 9 cm) during the winter experiment.
Energetic cost of reproduction
The costs of reproduction of M. pennsylvanicus maintained in the laboratory have been published in one study (Innes and Millar 1981) . Before relying on these unique results to estimate the total energy budget of reproducing female meadow voles in summer, however, I searched for similar studies performed on species having approximately identical life-history traits. These experiments were used as pseudo-replicates to gain confidence on the results obtained for M. pennsylvanicus.
In total, data were obtained on 4 species of microtine rodents. In each laboratory experiment, the authors determined the difference between the amount of food consumed by reproductive versus non reproductive females. I determined the amount of energy actually used for reproduction by multiplying the quantity of energy consumed for reproductive needs by the assimilation efficiency of the food. Assimilation efficiencies were given by the authors in the studies of Kaczmarski (1966) and Migula (1969) , whereas the assimilation efficiency of the rat chow used to feed animals in the study of Innes and Millar (1981) was considered to be 80% after Wunder (1985) .
Statistics
Results are reported as means and standard deviations. All the tests used compare means and are two-tailed ¿-tests. Statistical significance was defined as p < 0.05. Analyses were carried out with Statview for Macintosh (Abacus Concepts, Inc. 1987) .
Results
Body mass of non-reproductive female meadow voles was not different according to season (Table 1 ). Daily energy expenditures of individuals, however, were significantly affected by season since winter needs were 20.6% higher than summer ones (3.40 vs 2.82 kJ x g _1 x day -1 ; Table 1 ). Published measurements of reproductive costs for Microtus pennsylvanicus, M. arvalis, Clethrionomys glareolus, and C. gapperi are summarized in Table 2 . Averaging values for these 4 microtine species shows that, in the laboratory, pregnant females need 40% more energy than non-reproductive ones, whereas lactation increases energy consumption by 123%. These mean values are approximately those found in the only study on meadow voles (Innes and Millar 1981). The higher energy demand observed during lactation than during pregnancy is not surprising and has long been recognized in mammals (Brody 1945 , Robbins 1993 ). I thus focus on the most energy demanding phase of reproduction, the lactation period, to compare the 2 hypotheses of energy allocation. From Innes and Millar (1981), the cost of lactation was 3.53 kJ x g _1 x day -1 in female meadow voles (mean cost during the whole lactation period). Assuming that such energy expenses can be translated to field conditions, the addition of this cost to the values of DEE observed in my study gives an estimate of 6.35 kJ x g _1 x day -1 for total energy expenditure of lactating females in the field.
Discussion
The DEE of meadow voles were high compared to those expected for a rodent of similar size, ranging from 156% of the predicted rate during summer, to 184% of the predicted rate during winter (expected rates calculated from equation 4 in Nagy 1987). The high DEE of M. pennsylvanicus may be related to their high basal metabolic rate (BMR), which has been measured to be 1.93 and 1.79 ml O2 The above conclusion is based on the assumption that total costs of breeding females are equivalent to the sum of lactation costs and DEE of non-lactating females. How realistic is this assumption? First, lactation costs may be higher in the field than in the laboratory. In captivity, lactating females can easily increase their food consumption without any additional foraging cost, whereas activity of voles in the field may dramatically increase when the needs for high quality food are boosted during milk synthesis. Increased activity may in turn augment predator avoidance costs or thermoregulation needs if more time has to be spent out of the nest. Ostfeld et al. (1988) measured the territory size of lactating and non lactating female meadow voles. They did not detect any difference between the two groups, suggesting that females do not extend their range further from the nest when lactating. To my knowledge, no other evidence exist to either support or reject the potential biases mentioned above. It is important to note, however, that any additional cost of lactation would reinforce rather than weaken my conclusions (ie would decrease IRE).
Second, non reproductive costs of lactating voles in the field may be lower than DEE of non breeding females. This may be the case if non breeding females spend some energy on male searching, or if lactating females substitute costs, for example heat produced from activity aiding thermoregulation. To what extent could these processes have led to an underestimation of IRE? It is unlikely that searching for males was an important cost for non reproductive females in my study. Measured DEE were indeed similar to those of non breeding females and males maintained in small cages during an other study (Berteaux et al. 1996a) , during which activity of individuals did not seem to be particularly important. The magnitude to which substitution of costs may have decreased energy expenses of lactating females is less clear. A simple reasoning, however, shows that minimum energy expenditure of lactating females in the field is 5.11 kJ x g -1 x day -1 , the DEE of lactating females maintained in cages at 20°C (Innes and Millar 1981) . Similarly, the minimal non reproductive cost of living in the field is 1.58 kJ x g" 1 x day -1 (the value measured in the laboratory for non-lactating females; Innes and Millar 1981). Hence, given that the cost of living in winter is 3.40 kJ x g -1 x day -1 , the maximal value IRE could take is 0.37, which is still far from a strategy of increased demand.
In conclusion, female meadow voles seem to follow a mixed strategy of both reallocation and increased demand of energy, although the observed pattern of allocation is much closer to an increased demand model. Results from this study may not be definitive because they rely in part on laboratory data, but they do offer a clear and quantitative prediction for future research. Furthermore, they provide a valuable stimulus to quantify the index of reallocation of energy in other species. Such data would form the basis for correlation analyses between patterns of seasonal allocation of energy of different species and their life-history traits or the characteristics of their environment. There probably lies the foundation for exploring the evolutionary origins of the various strategies of energy allocation mammals use in the field.
